Preoperative continuous-wave Doppler spectral analysis was used to generate two parameters, peak frequency in the internal carotid artery (f m< ) and the ratio of peak frequencies in the internal and common carotid arteries (carotid index). These were compared with direct measurement of residual lumen diameter in pathologic specimens obtained from carotid endarterectomy in 37 patients. Doppler shift frequency parameters were well correlated with residual lumen diameter when the latter was at least 1 ram. Residual lumens of s 2 mm were found to have an £_" of > 7.5 kHz and a carotid index of >3.8. If f m was > 14 kHz or the carotid index was >7, the residual lumen diameter was nearly always £ 1 mm. Thus, the severity of the stenosis correlated directly with Doppler shift frequencies. The length of stenoses did not affect the correlations. (Stroke 1988; 19:584-588) I n 1951, Fisher 1 observed that cerebral infarction could follow atherosclerotic occlusion of the internal carotid artery (ICA). Since then, endarterectomy of the atherothrombotic plaque at the bifurcation of the common carotid artery (CCA) has become one of the most frequent operations in the United States. Recently, concern has arisen regarding the frequency and appropriateness of such surgery. Uncertainty of the natural history of carotid disease 2 " 4 combined with the risks of surgery and the preceding angiography have been at the core of this concern. This has resulted in the need to develop safe and effective methods to noninvasivery and precisely define the extent and location of the atherothrombotic plaque and its evolution over time.
Correlation of Continuous-Wave Doppler Spectral Flow Analysis With Gross Pathology in Carotid Stenosis
Preoperative continuous-wave Doppler spectral analysis was used to generate two parameters, peak frequency in the internal carotid artery (f m< ) and the ratio of peak frequencies in the internal and common carotid arteries (carotid index). These were compared with direct measurement of residual lumen diameter in pathologic specimens obtained from carotid endarterectomy in 37 patients. Doppler shift frequency parameters were well correlated with residual lumen diameter when the latter was at least 1 ram. Residual lumens of s 2 mm were found to have an £_" of > 7.5 kHz and a carotid index of >3.8. If f m was > 14 kHz or the carotid index was >7, the residual lumen diameter was nearly always £ 1 mm. Thus, the severity of the stenosis correlated directly with Doppler shift frequencies. 1 observed that cerebral infarction could follow atherosclerotic occlusion of the internal carotid artery (ICA). Since then, endarterectomy of the atherothrombotic plaque at the bifurcation of the common carotid artery (CCA) has become one of the most frequent operations in the United States. Recently, concern has arisen regarding the frequency and appropriateness of such surgery. Uncertainty of the natural history of carotid disease 2 " 4 combined with the risks of surgery and the preceding angiography have been at the core of this concern. This has resulted in the need to develop safe and effective methods to noninvasivery and precisely define the extent and location of the atherothrombotic plaque and its evolution over time.
Noninvasive carotid studies have evolved into a focused group of tests. These tests use three basic methodologies: measurement of the ocular systolic pressure by oculoplethysmography, 5 spectral analysis of the bruit arising from the stenotic lesion at the origin of the ICA (quantitative phonoangiography), M and ultrasonic spectral analysis of blood flow and imaging at the bifurcation of the CCA. 9 Continuous-wave (CW) Doppler analysis of flowing blood at the bifurcation of the CCA is one of the most specific of the noninvasive tests. However, its sensitivity in determining the precise degree of stenosis at the origin of the ICA has been limited largely because Doppler analysis has been correlated only with angiography. 10 "' 2 To date, only quantitative phonoangiography has been correlated with actual pathology, thereby providing a precise estimate of the degree of atherosclerotic stenosis at the origin of the ICA. 8 Its use, however, is limited because often a bruit is not present or is too faint to analyze and because the required equipment is not in general production. Therefore, our study was undertaken to compare quantitative analysis of the CW Doppler shift frequency spectrum with precise pathologic anatomy of the endarterectomy specimen.
Subjects and Methods
During the years 1984-1986, 37 patients had CW Doppler evaluation of their carotid arteries followed by a carotid endarterectomy from which an intact specimen was received, allowing satisfactory study of the gross pathology. Three patients had bilateral endarterectomies for a total of 40 specimens. CW Doppler evaluation was performed with a 5-MHz bidirectional Doppler probe (Medasonics, Mountain View, California) with the patient in the supine position. The hand-held probe was first positioned over the CCA just above the clavicle and angled cephalad until a maximum auditory signal was obtained. The probe was then advanced sequentially over the bifurcation and the proximal segments of the ICA and external carotid artery (ECA). The various segments of the carotid artery and loci of altered velocity were recognized primarily by auditory characteristics. The Doppler shift frequency over time was obtained by a real-time spectrum analyzer (Angioscan) and displayed by a cathode-ray tube. Polaroid photographs were taken of the analyzed spectrum from the CCA, ECA, and ICA. The peak systolic frequency in each of the three carotid segments was identified as the highest frequency obtainable while manually adjusting the probe over the artery. The carotid index (CI), the ratio of the peak systolic frequency in the ICA (f^) to the peak systolic frequency in the CCA, was calculated.
Fourteen of the 37 patients had conventional biplane angiography, with cut-film available on 16 of the pathologically studied carotid specimens. Eighteen of the 37 patients had digital subtraction angiography (DSA) that included 19 of the studied carotid arteries. For various medical reasons five patients did not undergo angiography before endarterectomy. Because of the low resolution of intravenous DSA, only conventional angiograms were used to correlate the radiographic estimate of the residual lumen diameter (RLD) with the pathologic specimen. The angiographic RLD was measured to the nearest 0.1 mm using a magnifying glass and then corrected for film magnification. Margins of the residual lumen were not always distinct in both planes; hence, a single most stenotic and clearly measurable diameter was taken in either plane.
Endarterectomy specimens were removed en bloc at the time of surgery, placed in formalin, and decalcified in 1% nitric acid. In previous experience, formalin fixation did not appreciably alter RLD or shape from that of the fresh specimen. 8 Cross sections were made with a razor blade in lengths from 1.5 to 3.0 mm as consistency of the tissue allowed. Length of a stenotic segment could be accurately determined in most instances to within 1.5 mm. RLD at the point of maximum stenosis was measured with a magnifying glass and a ruler graduated in millimeters. If the lumen at that point was measurably elliptical, a second measurement was taken of the wider dimension. Because fractions of a millimeter could not be consistently determined, dimensions were recorded to a resolution of 0.5 mm, except that all samples with RLD of < 1 mm were grouped together.
Results
The clinical characteristics of the 37 patients undergoing a total of 40 endarterectomies are included in Table 1 . Eleven patients had small cerebral hemispheric strokes. Two of the 11 patients had bilateral strokes and endarterectomies (Cases 19R, 19L, 25L, and 25R). Twelve patients had transient hemispheric ischemia, seven had transient monocular blindness, and one had a retinal artery branch occlusion. Six patients had asymptomatic bruits, one of whom had bilateral bruits and endarterectomies (Cases 32R and 32L).
Blood flow could not be detected with the CW Doppler probe in the ICA in two cases (19R and 27), and these two were omitted from all regression analyses. Endarterectomies were performed after conventional angiography showed thread-like lumens to be open. In both instances a macroscopicalry open lumen could not be found in the surgical specimen. Microscopic examination showed tiny RLDs that, though not precisely measurable, were < 1 mm.
f^, and CI were correlated with RLD at the point of maximum stenosis in the 38 pathology specimens in which blood flow could be detected (Figures 1 and 2 ). Both f^ and CI showed a generally linear dependence on RLD as long as RLD was s i mm. The drop-off in f^ and CI at smaller RLDs can possibly be explained by the expected decrease in the velocity of blood flow, approaching 0, as the stenosis approaches occlusion. Excluding points with RLD of < 1 mm, f^ and CI were correlated with minimum RLD based on circular cross sections (r = 0.78 and 0.71, respectively); this correlation improved to 0.86 and 0.81, respectively, when the geometric mean of biplanar dimensions (the square root of their product) was used to account for measurably elliptical lumens. The most notable change was for the specimen with an elliptical lumen measuring 1.5 x 4.0 mm (Case 20), which had an f^ of 3.840 kHz and a CI of 1.2 (filled and open triangles in Figures 1  and 2 ). The other case with low f^ and CI (Case 31) was a man with retinal artery branch occlusion and an ulcer in a nonstenotic plaque by angiography, who had an RLD of 3 mm.
Also shown in Figure 1 are the 95% confidence limits when using the regression line to calibrate f^ against RLD. Based on this confidence interval, 95% of all cases with f^ of >22 kHz will have RLDs of <1.5 mm. Unfortunately, this f^, is greater than the maximum resolvable frequency of our equipment (20.32 kHz), rendering this calibration impractical. Using geometric mean RLD for measurably elliptical lumens, all 34 vessels with RLD of <, 2 mm had f^ of > 7.5 kHz and CI of 2>3.8.
In addition, when f^ was > 14 kHz or CI was >7, all but two specimens had RLD of <1 mm in one dimension. In two cases the lumen was elliptical with one dimension > 1 mm (Case 13, 1 x 2 mm and Case 24, < 1 x 2 mm). Of the 28 carotid arteries with RLD of <, 1 mm in which a flow signal was detected, 18 had f^ of > 14 kHz and 19 had CI of >7, accounting for 23 of the 28 (Table 2) . Among all cases, the two Doppler-derived characteristics were highly correlated, as shown in Figure 3 (r=0.78,/><0.0001).
We considered the possibility that the high variability in f^ and CI associated with those carotid specimens with RLD of ^ 1 mm was due to an effect of the axial length of stenosis, f^ and CI for those specimens with RLD of <, 1 mm were compared with the length of the stenosis, and no correlation was found (p>0.11 and p>0.90, respectively). RLD measured by conventional angiography was compared with RLD measured on the pathology specimen. In 15 of the 16 cases, there was agreement to within 0.5 mm. In Case 28 the angiographic measurement was 2 mm while the specimen measured < 1 mm. In this case f^ of 19.040 kHz suggested RLD of < 1 mm. In Case 20, in which RLD was 1.5x4 mm, the lateral view of the angiogram suggested a severe stenosis, yet the antero-posterior view did not. L^ of 3.840 kHz and CI of 1.2 reflected the large remaining cross-sectional area of the exaggerated ellipse.
Discussion
We correlated the CW ultrasound Doppler shift frequency spectrum with RLD of atherosclerotic stenotic lesions of the ICA in 40 intact endarterectomy specimens. In 16 cases, conventional angiography was , peak systolic frequency in internal carotid artery; geometric mean residual diameter in parentheses; L, left; R, available for comparison. Our study focused primarily on the velocity characteristics of blood flow in the tightly stenosed carotid lesion. While stenosis at the origin of the ICA is often reported as percent stenosis, we reported degree of stenosis as lumen diameter for two reasons. First, for ICA stenosis, the absolute cross-sectional area of the residual lumen at the point of stenosis is the main factor that alters pressure and flow characteristics and is independent of the normal area. 13 Although the cross-sectional area cannot be directly assessed in the clinical setting, RLD, if the lumen is round, is directly proportional to its square root. If the residual lumen is elliptical, effective RLD can be calculated, using measurements in two planes, from the geometric mean (i.e., the square root of the product of two diameters). This fact was illustrated in the most problematic case (Case 20), in which the region of tightest stenosis was 1.5x4 mm. A moderate improvement in correlation also occurred in other cases with RLD of > 1 mm. In many specimens with RLD of < 1 mm the lumen was too small for meaningful quantification by our methods. Second, percent lumen reduction is not a reliable parameter of the effective cross-sectional area. Variations in the diameter of the normal ICA and secondary changes distal to the stenosis make percent lumen reduction difficult to quantify. We find it a difficult and often arbitrary matter to choose the "normal" ICA lumen diameter. A direct measurement, or two measurements if the lumen is elliptical, at the point of maximum stenosis is a more simple and reproducible method of quantification.
In 34 of 34 carotid arteries with RLD of < 2 mm L^, was > 7.5 kHz and CI was > 3.8. If f^ was > 14 kHz or CI was >7, RLD was always :£l mm in one dimension, and usually in both dimensions. If f^ was between 7.5 and 14 kHz and CI was between 3.8 and 7.5, carotid arteries with lumens of < 1 mm could not be distinguished from those with lumens of 1.5-2 mm.
The wide spectrum in f^ and CI for RLDs of ^ 1 mm is consistent with the expected decline in blood velocity as stenosis nears occlusion.
14 In addition, from the two smallest (microscopic) residual lumens a Doppler signal was not obtained. Hence, although criteria were found that reliably predicted the presence of RLD of <, 1 mm, the absence of these criteria does not exclude such a tight stenosis. If a signal is not obtained the lumen may still be open, with minimal blood flow.
More refined definition of residual lumen by Doppler analysis is limited by variations in technique, particularly probe angle. Decreasing blood velocities at near-occlusion make it impossible to exclude such a lesion by velocity-dependent parameters alone. Length of the stenosis is usually short and, if <6 mm, it does not alter blood velocity beyond the effect of the reduced cross-sectional area. More precise quantification of the cross-sectional area by computerized planimetry of the pathologic specimen may improve correlations with Doppler spectral analysis, particularly for stenoses nearing occlusion (<1 mm).
